It is unknown how sports activity combined with blood flow restriction (BFR) on the limbs can impact the exercising limb's motion. We aimed to compare the lower limb kinematics between submaximal sprinting with and without BFR cuffs (i.e., BFR and normal conditions) when they were applied on the upper thigh. Ten collegiate sprinters performed five 45-m submaximal sprint trials under normal and BFR conditions. The BFR was applied to both legs at the proximal portion of the thigh utilizing elastic cuffs. The cuff pressure was set at approximately 60% of estimated arterial occlusion pressure. Spatiotemporal and hip and knee joint kinematic variables for both legs during submaximal sprinting were obtained using a motion capture system. The results showed, for spatiotemporal variables, no significant difference (p > 0.653), a trivial or small effect size (0.050-0.205), and high correlation coefficients (r > 0.923) between conditions. Moreover, for the joint angles and angular velocities, no significant difference (p > 0.244) and a trivial or small effect size (0.003-0.538), as well as significant correlations (r >0.684) were found between conditions. These results indicate that, in general, there is probably no influence of BFR cuffs on the upper thigh on running kinematics.
Introduction
During the past two decades, a large number of studies have been published investigating the efficacy of acute and chronic low-intensity exercise combined with blood flow restriction (BFR) [1] [2] [3] . Several studies revealed that low-load resistance training with BFR could elicit similar muscle hypertrophy and strength gains as traditional high-load resistance training [4] [5] [6] . It has also been reported that the BFR stimulus facilitates low-intensity aerobic exercise-induced muscle adaptations [7] [8] [9] . In addition, short-term low-intensity interval training with BFR improves both maximal oxygen uptake and muscular strength [10] .
Recently, one study investigated the effects of submaximal (60-70% of maximal 100-m sprinting speed) sprint training with and without BFR on 100-m sprint performance in male sport university students [11] . The authors reported that 100-m sprint time was improved by submaximal sprint training with BFR on the lower limbs, but not by submaximal sprint training without BFR. This is an interesting new topic and the first study to examine the effects of BFR on sports performance when applied during the same sports activity. From a biomechanical standpoint, however, the study raises a potential concern about the influence of applied BFR cuffs on the lower limb kinematics during submaximal sprinting. This is therefore important to consider, because a restriction of motion can impair sports activity techniques, and it is unknown whether submaximal sprinting with BFR on the lower limbs affects their motion. In previous studies, elastic taping on the lower limb did not affect limb function, knee extensor peak torque, or electromyographic activity of the vastus lateralis [12] , but inelastic taping on the ankle restricted its range of motion during running [13] . Although these studies did not use BFR cuffs, these findings would suggest that the BFR cuffs may potentially restrict lower limb motion when the cuffs are fastened tightly on the lower limbs.
The purpose of this study was to compare the lower limb kinematics between submaximal sprinting with and without BFR cuffs when they were applied on the upper thigh of collegiate sprinters. We hypothesized that the influence of applied BFR cuffs on lower limb kinematics during submaximal sprinting would be negligible when a moderate cuff pressure was used. It could be beneficial to evaluate the influence of BFR on the upper thigh under the actual sub-maximal running condition that some athletes and coaches may use as part of a rehabilitation or training program.
Materials and Methods
Nine male and one female collegiate sprinters (in total 10) volunteered for this study (mean ± s.d.: age, 20.4 ± 0.8 year; stature, 1.73 ± 0.05 m; body mass, 65.4 ± 5.9 kg; personal best 100-m race time, 11.46 ± 0.65 s). All participants gave written informed consent before the experiment. The research ethics committee of the National Institute of Fitness and Sports in Kanoya approved the experimental procedures beforehand (#3-55, 2016).
After warming up, the participants performed five 45-m submaximal sprint trials from a standing position under normal and BFR conditions at running speeds of 75-85% of the average speed of their best record of the 100-m race. A previous study reported that sprinting performance was improved by submaximal (60-70% of the maximal speed in the 100-m sprint) sprint training with BFR [11] . Based on the relationship between average and maximal running speeds in the 100-m race (e.g., 10 m/s on average and 11.2 m/s at the maximum) [14] , 75-85% of the average speed of their best record of the 100-m race can be considered as 67-76% of the maximal speed. While the range of running speeds in our study was slightly higher than that in the previous study [11] , the participants (sprinters) in this study comfortably performed submaximal sprinting at 75-85% of the average speed of their best record of the 100-m race rather than the lower speed range based on the pilot test. Thus, we adopted these speeds as the target range.
The trials were performed in a randomized order. Between trials, participants rested for at least 3 min. We measured the time for 10-m from the 35-m mark using a photocell system (TC Timing System, Brower, Draper, UT, USA). Just after each trial, we fed back the 10-m time to the participant to adjust running speed to be in the target range. When the participant could not run within the target speeds, he/she was requested to run again until five successful trials were collected for each of normal and BFR conditions (actual trial numbers being 11 to 18 in total). When the trials exceeded five in each condition, the participants rested for 5 to 10 min to ensure their full recovery. BFR was applied to the proximal portion of the thigh utilizing elastic cuffs (5-cm width) for both legs. The cuff pressure was set at approximately 160 mmHg (±5 mmHg). Prior to the experiment, we estimated the thigh arterial occlusion pressure using a previously reported prediction equation [15] , and the mean arterial occlusion pressure (n = 10) was 265, s.d. = 12 mmHg. In addition, different material cuffs (elastic vs. nylon) of the same width had similar arterial occlusion pressures [16] . In the present study, we used a moderate cuff pressure (approximately 60% of estimated arterial occlusion pressure) even though similar training adaptations have been observed between 40% and 90% of arterial occlusion pressure [17] .
Sixteen infrared cameras (Raptor-E, Motion Analysis Corporation, Santa Rosa, CA, USA; 250 Hz) captured three-dimensional coordinates of 40 retro-reflective markers affixed to the participant's body from the 36-m mark with a volume (length × width × height) of approximately 8.5 m × 1.5 m × 2 m (Original marker coordinate data are available from Supplementary Materials section). Segment endpoints were calculated from the coordinates of the markers according to a 14-segment body model consisting of hands, forearms, upper arms, feet, shanks, thighs, head, and trunk according to a previous study [18] . Endpoints were estimated depending on the joint or body segment in question. Markers affixed to the vertex, right and left of the third metacarpal heads of dorsal hands, tops of the acromions, toes, and posterior of calcaneuses were considered as endpoints of the segments. The midpoints of the markers affixed to the styloid processes of ulnas and radii, medial and lateral epicondyles of the humeruses, malleoli, and femoral condyles were taken as the joint centers of the wrists, elbows, ankles, and knees, respectively. The midpoint of the markers affixed to the anterior and posterior parts of the suprasternal notch was considered as the proximal endpoint of the head. The hip joint center was defined as the point located 18% of the distance between the right and left great trochanters medially from the point located at one-third of the distance from the greater trochanter to the anterior superior iliac spine. The midpoint of the two hip joint centers was taken as the distal endpoint of the trunk.
The segment endpoint coordinates from approximately 10 frames before to 10 frames after the duration from the left leg foot strike (FS) to the next left leg FS (one stride) were extracted and low-pass filtered at 20 Hz. Because the lower limb segment motions during running can be assumed to be performed in the sagittal plane, we reconstructed the data to two dimensions in the sagittal plane in reference to previous studies [19, 20] . Then, the position of the whole-body center of gravity (CG) was calculated using body segment parameters of Japanese athletes [21] . The velocities of CG were computed by differentiating the estimated CG positions with respect to time.
FS and toe-off (TO) instants were determined using a previously proposed kinematic data-based method [22] . Running speed was calculated as mean CG velocity during one step.
Step frequency was calculated as the inverse of a step duration.
Step length was calculated as the anterior-posterior distance of CG travelled during one step. Support and flight times were the durations between consecutive FS and TO and TO and FS, respectively. All spatiotemporal variables of right and left leg steps were averaged. For lower limb kinematic variables, support leg hip and knee joint angles and angular velocities at FS and TO were obtained for both legs. The hip joint was the relative angle of the trunk and thigh (anterior side). The trunk was determined as a segment from the midpoint of hip joints to the proximal endpoint of the head. The knee joint was the relative angles of the thigh and shank (posterior side). Moreover, hip and knee maximum extension and flexion angles and angular velocities during one stride cycle from FS to the next FS of the left leg were extracted for both legs. For all the variables, a mean value of five trials (except for the trials in the normal condition of two participants) for each participant in each of the normal and BFR conditions was used. Because a marker was disengaged from the participant's body in the measurement volume of the motion capture system, one trial in the normal condition for two participants was eliminated. Thus, for those participants in the normal condition, the mean value of four trials was calculated.
Means and standard deviations of respective variables of the two conditions and the difference in values between the two conditions were calculated. To compare the variables between normal and BFR conditions, a paired t-test was performed. Cohen's d was used as an effect size (ES) of the difference in each variable between the two conditions [23] . Threshold values for the interpretation of the ES were <0.2 (trivial), 0.2-<0.6 (small), 0.6-1.2 (moderate), and >1.2 (large) [24] . Moreover, correlation coefficients between values of the two conditions were computed to test the relationship. For the lower limb kinematic variables, statistical tests were performed with right and left legs separately. All statistical values except for Cohen's d were calculated using JMP 12 statistical software (SAS Institute Japan Ltd., Tokyo, Japan). Cohen's d was calculated as the mean difference divided by the pooled standard deviation. The significance level was set at p < 0.05.
Results
For the spatiotemporal variables, no significant difference in variables (p > 0.653), trivial or small ES (0.050-0.205), and high correlation coefficients (r > 0.923) were found between the normal and BFR conditions (Table 1) . For the joint angles and angular velocities at FS and TO, no significant difference in variables (p > 0.244) was found between the normal and BFR conditions (Table 2) . Moreover, those variables showed trivial or small ES (0.030-0.538) and significant correlations between the two conditions (r > 0.788). The hip and knee maximum flexion and extension angles and angular velocities did not show a significant difference between the normal and BFR conditions (p > 0.428), and there were trivial or small ES (0.003-0.362) and significant correlations (r > 0.684) between variables in normal and BFR conditions (Table 3) . 
Discussion
The current study aimed at comparing the lower limb kinematics between submaximal sprinting with and without BFR cuffs on the upper thigh. This study is the first to demonstrate no statistically significant effect of BFR cuffs on the kinematics of submaximal sprinting. In general, our hypothesis was supported by the results.
The results of this study show that the BFR cuffs on the upper thigh generally seem to have no large effect on the running kinematics at a running speed of 75-85% of the average speed of their best record of the 100-m race. To the best of our knowledge, there is no previous study which can be compared with the current results of the small or negligible influence of BFR cuffs on running kinematics. However, when compared to the difference in lower limb kinematics between running on a treadmill and over-ground [19, 20] , the influence of BFR cuffs using a moderate cuff pressure on running kinematics was substantially smaller than that of the difference in running conditions (e.g., difference in knee joint angle at FS was over 10 deg in the previous studies vs. less than 0.5 deg in this study). Moreover, the influence of BFR cuffs on the upper thigh on any joint angles (<1.4 deg) was smaller than the influence (≈5 deg) of inelastic taping on the ankle joint during running [13] . These results indicate that BFR cuffs on the upper thigh have no influence on over-ground running compared to running on a treadmill (which is broadly used as a training instrument), and running with inelastic taping. A recent study has revealed that the BFR during submaximal sprinting could result in an improvement of sprinting performance [11] . Therefore, BFR would be an effective training modality for improving sprinting performance through the development of muscular capacity with a small or negligible effect of cuffs on running kinematics.
There are some possible reasons for the lack of influence of BFR cuffs on over-ground running kinematics. The participants in this study performed running at the speeds of 75-85% of the participants' best records of 100-m race which were comfortable to them. At these running speeds, the range of hip angle and hip angular velocity in the sagittal plane would be relatively smaller than those at maximal running speeds [25, 26] . This indicates that the running speeds in this study could allow participants to maintain their normal running kinematics when BFR cuffs were applied on their thigh. Another possible reason that could explain the small restriction of hip motion during running could be the moderate BFR cuff pressure (approximately 60% of estimated arterial occlusion pressure) used in this study.
There are some limitations in this study. We only performed the comparisons at a running speed of 75-85% of the participant's best record of the 100-m race, with a moderate cuff pressure, and with sprinters. Thus, it is possible that a larger influence of cuffs on running kinematics could be found at different running speeds, different cuff pressures, or with other cohorts. Moreover, because the BFR would increase fatigue, the results were possibly affected by the influence of fatigue.
Conclusions
This study confirmed that there is no influence of cuffs on the upper thigh on running kinematics. The findings in this study may promote the utilization of blood flow restriction on the upper thigh during sub-maximal running in a rehabilitation or training program.
